Adhesion mechanisms of the contact interface of TiO2 nanoparticles in films and aggregates by S., Salameh et al.
Adhesion Mechanisms of the Contact Interface of TiO2 Nanoparticles
in Films and Aggregates
S. Salameh,† J. Schneider,‡ Jens Laube,‡ A. Alessandrini,§,# P. Facci,§ J. W. Seo,∥ L. Colombi Ciacchi,*,‡,⊥
and L. Mad̈ler*,†
†Foundation Institute of Materials Science (IWT), Department of Production Engineering, University of Bremen, Bremen, Germany
‡Hybrid Materials Interfaces Group, Department of Production Engineering and Bremen Center for Computational Materials
Science, University of Bremen, Bremen, Germany
§Institute of Nanoscience, National Research Council (CNR), Modena, Italy
∥Department of Metallurgy and Materials Engineering, KU Leuven, Leuven, Belgium
⊥Fraunhofer Institute for Manufacturing Technology and Advanced Materials IFAM, Bremen, Germany
#Department of Physics, University of Modena and Reggio Emilia, Modena, Italy
ABSTRACT: Fundamental knowledge about the mechanisms of adhesion
between oxide particles with diameters of few nanometers is impeded by the
diﬃculties associated with direct measurements of contact forces at such a
small size scale. Here we develop a strategy based on AFM force spectroscopy
combined with all-atom molecular dynamics simulations to quantify and
explain the nature of the contact forces between 10 nm small TiO2
nanoparticles. The method is based on the statistical analysis of the force
peaks measured in repeated approaching/retracting loops of an AFM
cantilever into a ﬁlm of nanoparticle agglomerates and relies on the in-situ
imaging of the ﬁlm stretching behavior in an AFM/TEM setup. Sliding and
rolling events ﬁrst lead to local rearrangements in the ﬁlm structure when
subjected to tensile load, prior to its ﬁnal rupture caused by the reversible
detaching of individual nanoparticles. The associated contact force of about
2.5 nN is in quantitative agreement with the results of molecular dynamics
simulations of the particle−particle detachment. We reveal that the contact forces are dominated by the structure of water layers
adsorbed on the particles’ surfaces at ambient conditions. This leads to nonmonotonous force−displacement curves that can be
explained only in part by classical capillary eﬀects and highlights the importance of considering explicitly the molecular nature of
the adsorbates.
1. INTRODUCTION
Adhesion forces between nanoparticles play a major role in unit
operations such as ﬂuidization,1 agglomeration, and coating.2
These processes are utilized in a wide range of technical ﬁelds,
including the production of pharmaceutical powders,2 paints,3
and solar cells.4 Currently, particle−particle adhesion is
interpreted in terms of continuum models that are able to
take into account the eﬀects of humidity (capillary forces)5−7
surface roughness and electrostatics (e.g., within DLVO-like
theories)8,9 and hold especially for particle sizes in the
micrometer range. However, for smaller particles with
characteristic sizes of the order of 10 nm, more subtle eﬀects
beyond continuum theories, such as the molecular structure of
adsorbate layers or the distribution of terminal groups on the
particles’ surfaces are likely to inﬂuence and even dominate the
adhesion behavior.10,11 The investigation of such eﬀects is
nontrivial and calls for a combination of accurate measurements
with atomistic simulations, as performed in the present work.
Adhesion forces between micro- and nanoparticles can be
directly quantiﬁed with force spectroscopy measurements using
an atomic force microscope (AFM),12 as performed for
instance by Larson et al.13 after functionalizing the AFM tips
with single microparticles. However, the tip functionalization
becomes increasingly diﬃcult with decreasing particle size. Ong
and Sokolov14 have presented a method to attach ceria (CeO2)
nanoparticles (50 nm) on an AFM tip with epoxy glue. They
used these functionalized tips to measure the adhesion force
between the nanoparticles and a ﬂat silica surface. A chemical
method was used by Vakarelski et al.15 to place single gold
nanoparticles (20−40 nm) on the tip of an AFM cantilever to
measure the adhesion force between nanoparticles and mica. In
another study, the adhesion forces between variously shaped
AFM tips and a ﬁlm of TiO2 nanoparticles have been measured
as a function of the environmental relative humidity and
interpreted with capillary theories.5 Gluing a colloid on a tipless
cantilever and measuring the adhesion force against a ﬁlm of
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nanoparticles (50−180 nm) is a common variation of using the
pure tip.16 Notably, in all these studies no nanoparticle−
nanoparticle interactions were measured directly.
A further diﬃculty arises from the fact that nanoparticles
within unit operations often cluster together in aggregates via
hard (chemical) bonds, and the aggregates in turn form
agglomerates as a consequence of weak (physical) bonds
between the primary particles forming the aggregates.17
Therefore, it is not trivial to isolate single particles as instead
routinely performed for the case of larger colloids. Adhesion
forces of the order of 1 nN have been measured between
graphitic nanoparticle chain aggregates by repeated approach-
ing and retracting of a nonfunctionalized AFM tip into an
aggregate ﬁlm.18 The force distribution corresponding to
∼1000 of these force measurements presented three maxima
that were related to sliding, rolling, and detaching events
between the aggregates. In a further work, the force required to
separate covalently bonded primary particles in aggregates was
measured by means of a combined AFM/SEM setup and found
to be one magnitude higher than the one required for detaching
two aggregates.17 Interestingly, the adopted technique allowed
imaging the stretching process of the aggregates in situ during
the force spectroscopy experiments.
In this paper, we investigate the adhesion mechanisms of
TiO2 nanoparticle aggregates in porous ﬁlms using a
combination of AFM force spectroscopy, in-situ AFM/TEM,
and all-atom molecular dynamics (MD) techniques. This
enables us to (i) measure directly the particle−particle contact
forces, (ii) visualize the behavior of the aggregates during
stretching of the ﬁlm up to the ﬁnal particle−particle
detachment events on the nanometer scale, and (iii) interpret
the obtained results on the basis of atomistic simulations that
help revealing the nature of the particle−particle contacts at
atmospheric conditions. In particular, linking the experimental
and simulation results allows us to elucidate the microscopic
mechanisms underlying the adhesion of nanoparticles. While
previous simulation studies have been reported e.g. for the
contact and sintering of dry TiO2 nanocrystals,
19,20 we take into
account the eﬀects of adsorbed water molecules,21,22 which
largely inﬂuence the adhesion forces under atmospheric
conditions.
2. METHODS
Particle Synthesis. A ﬂame spray reactor was used to produce
TiO2 nanoparticle ﬁlms on a mica substrate by the FSP method.
23 The
liquid precursor consisted of 0.5 molar Ti(IV) isopropoxide (Sigma-
Aldrich, 99.9% purity) in xylene. The precursor was fed with the help
of a syringe pump AJ-5803 (Angel) at a constant rate of 5 mL/min
through a capillary of a two-phase-mixing nozzle. The precursor was
dispersed into ﬁne droplets by a 1.5 bar stream of O2 (5 L/min),
surrounded by a methane/oxygen ﬂow (1.5 L/min/3.2 L/min) in
order to stabilize the ﬂame. All gas ﬂow rates were controlled with
mass ﬂow controllers from Bronkhorst. The produced aggregates were
deposited on a 1 cm2 mica substrate (Science Service) secured to a
water-cooled holder 25 cm above the nozzle. At the same time,
particles were collected on a GF6 glass ﬁber ﬁlter (Whatman) 60 cm
above the nozzle. The spraying time for the ﬁlm was 2 min according
to the theory of FSP-synthesized ﬁlm growth.24 For AFM
manipulation inside the TEM particles were sprayed on the edge of
a tungsten wire with 0.3 mm diameter. The spraying time for the wire
was 2 s because thicker ﬁlms showed instabilities during the
experiments inside the TEM, in particular upon exposure to the
electron beam.
Particle Characterization. Nanoparticles were characterized with
X-ray diﬀraction (XRD) using a PANalytic X’Pert MDP Pro. The
measurements were taken from 0° to 140° using a scan speed of
1.34°/min per 0.0334°. Crystalline phases were determined using the
BRASS 2.0 software.25 The speciﬁc surface area was measured using
nitrogen adsorption−desorption measurements on Nova 3000e
(Quantachrome). The speciﬁc surface area (SSA) was derived using
the theory based on Brunauer−Emmett−Teller (BET) adsorption.
SSA was used to calculate the primary particle size. Imaging of the
nanoparticle aggregate ﬁlms was performed using a scanning electron
microscope Nova NanoLab 200 from FEI. The particle surface was
investigated by TGA using an STA 449 F3 Jupiter from Netzsch.
Force Measurements. The adhesion forces between nanoparticle
aggregates were measured with an atomic force microscope (Multi-
mode from Bruker) in air at room temperature at a constant relative
humidity of 50%. Force measurements were performed with a Si3N4
cantilever (DNP-10 from Bruker/spring constant = 0.12 N/m) in
force volume mode, a vertical cantilever speed of 5.06 μm/s, 32 × 32
measurement points, and a scan size of 500 nm2. Being interested in
the various diﬀerent phenomena that take place in particle chains
during extension and detachment, the indentation value was chosen in
order to avoid too deep penetration of the tip into the ﬁlm, thus
enabling the observation of speciﬁc chain stretching events.
In order to ensure constant conditions, all 1024 force measurements
were made consecutively within 1 h, using the same cantilever in the
lab environment. The cantilever was afterward checked using the SEM
to exclude tip damaging during the measurements. The AFM was
mounted on a vibration-isolated table. The force curves were analyzed
following Farshchi-Tabrizi et al.5 using the R-cran software, version
2.13. The analysis took into account the slope of the baseline,
subtracting its value from those of the peak forces.
The in-situ AFM/TEM investigations were done inside a Philips
CM 200 FEG transmission electron microscope (column vacuum
around 10−6 mbar), using a conducting AFM/TEM holder from the
Nanofactory Instruments AB. In these experiments a Si3N4 cantilever
with a spring constant of k = 5.3 N/m was used.
Molecular Dynamics Simulations. The molecular dynamics
(MD) simulations were carried out using the LAMMPS26 program
package at 300 K constant temperature with an integration time step
of 2 fs. The interactions within the oxide crystal were described by a
slightly modiﬁed implementation27 of the force ﬁeld of Matsui and
Akaogi;28 the surface water interactions were modeled by the potential
developed by Schneider et al.29 for TIP3P30 water molecules. In this
approach, we assume that the true interactions at the TiO2/water
interface can be mapped onto a combination of van der Waals and
Coulomb forces, which may be a source of systematic errors for the
case of complex systems. We note, however, that our potential gives a
quantitatively accurate estimate of the heat of hydration of rutile
crystals compared with available experimental results (see ref 25). The
particle models were created by carving a sphere of 4 nm diameter out
of rutile or anatase single crystals. In order to heal initial surface
defects, the particles were annealed and structurally relaxed. The
particles’ surfaces were hydrated ﬁrst by adding an OH terminal group
to each Ti surface atom coordinated by less than ﬁve O atoms and an
H atom to the nearest undercoordinated surface O atom. Afterward,
they were equilibrated in bulk water, leading both to water
chemisorption (direct Ti−O bonds) on exposed Ti atoms and
physisorption via hydrogen bonds to surface terminal groups. The
ﬁnal, partially hydroxylated particle models surrounded by adsorbed
water were obtained upon removing all physisorbed water molecules
beyond the desired number (11 molecules per nm2 in accordance with
the TGA experiments).
Force−displacement curves between hydrated particles were
obtained in a series of MD simulations, in which two particles were
constrained to a certain center-of-mass separation and the atoms
belonging to the oxide crystals were not allowed to move. For a given
separation distance, at each MD step the interparticle force was
calculated as the sum of all individual forces acting on the atoms of one
oxide crystal. The resulting values were averaged over a 2 ns simulation
following an initial equilibration period of 0.5 ns, which was discarded
from the analysis. This ensured convergence of the computed contact
Langmuir Article
dx.doi.org/10.1021/la302242s | Langmuir 2012, 28, 11457−1146411458
force at each separation distance, taking into account the equilibrium
structure of water molecules surrounding the two particles.
3. RESULTS AND DISCUSSION
3.1. Force Spectroscopy Measurements. We start our
investigation with the FSP deposition of an 8 μm thick, highly
porous ﬁlm of TiO2 nanoparticle aggregates on a ﬂat mica
substrate (see SEM image in Figure 1). As revealed by XRD
analysis, the synthesized material is mainly in the anatase phase
with a primary particle size of dBET =12 nm, as measured by
nitrogen adsorption. The porosity of the ﬁlm is 98%.24 The
bottom half in Figure 1 shows a thin layer of rather separate
TiO2 aggregates at the outer ﬁlm boundary, in the area where
the mica substrate was ﬁxed into the holder.
The ﬁlm shown in Figure 1 is then used to investigate the
adhesion between nanoparticle aggregates by means of AFM
force spectroscopy. To this aim, we acquire a set of sequential
1024 force−displacement curves by repeatedly approaching an
AFM tip to the ﬁlm up to contact with the ﬁlm’s top surface
and retracting up to full detachment. This procedure results in
the progressive transfer of aggregates from the ﬁlm to the tip,
which is clearly visible in characteristic SEM tip inspections
after 10, 50, and 1000 approach/retraction events (Figure 2(I),
A, B, and C, respectively). The analysis thus reveals strong
adhesion between the aggregates and the AFM tip, which has
also been reported in the literature for the case of a silicon tip
and TiO2 nanoparticles.
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Importantly, the SEM tip imaging shows that both the edge
and the sides of the tip become decorated with multiple
aggregates. As the experiment proceeds, more and more
aggregates attach forming agglomerate structures with extended
branches (Figure 2(I)). It is thus expected that multiple
aggregates bound to the tip get in contact with the underlying
ﬁlm during each tip approach and subsequently break during
each tip retraction. The situation is schematically depicted in
Figure 2(II)A,B for the initial stages of the experiment (a single
chain of aggregates is stretched between the tip and the ﬁlm)
and Figure 2(II)C,D for a later stage (where several aggregates
can be stretched at the same time). In fact, during the retraction
of the tip, the agglomerates unfold and detach leading to
multiple peaks in each measured force−distance curve (Figure
3).
A statistical distribution of a total of 3677 peaks for the 1024
force−displacement curves collected in a single experiment is
shown in Figure 4. These values correspond to the diﬀerences
between each peak and the zero line recorded at atmospheric
pressure and 50% relative humidity. The monomodal histogram
shape can be ﬁtted to a log-normal distribution function with a
median of 3.1 nN and a geometric standard deviation (gsd) of
1.7. The maximum of the density distribution is at 2.5 nN.
In order to investigate the eﬀect of the increasing tip
decoration with aggregates during the course of the experiment,
we include in the inset of Figure 4 a time-dependent analysis of
the force distributions obtained within four consecutive
intervals of 256 measurements. The median values are roughly
constant at 2.9 nN in the ﬁrst three measurement intervals and
increase to 4 nN only for the last 256 measurements. The gsd,
instead, increases steadily with increasing number of performed
measurements. This latter ﬁnding is consistent with an
increasing number of aggregates transferred from the ﬁlm to
the AFM tip (see Figure 2(I)) and thus with a correspondingly
increased force in agglomerate rearrangement based on
stronger agglomerates between the tip and the ﬁlm,
contributing to the spreading of the force-peak distribution.
However, the fact that the maximum and the median of the
distribution remain nearly constant up to the ﬁnal stage of the
experiment suggests the presence of a fundamental decohesion
Figure 1. SEM picture of a ﬁlm of TiO2 aggregates after 2 min
deposition time. The thickness of the ﬁlm in the upper half is 8 μm.
This layer has a very high porosity (∼98%). The lower part consists of
a monolayer of TiO2 aggregates and agglomerates.
Figure 2. (I) Three AFM tips after probing the TiO2 ﬁlm. (II) Two
diﬀerent scenarios (A + B and C + D) of the agglomerate behavior
during retraction of the tip.
Figure 3. A force−distance curve of detaching TiO2 nanoparticle
aggregates. The peaks are supposed to be related to sliding, rolling,
and detachment events. Visible oscillations in the noncontact portion
of the curve are due to laser interferences.
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process with a well-deﬁned associated force during the tip
retraction. Whether this process can be interpreted as the
detachment of two primary particles in the ﬁlm is the subject of
the following two Sections.
3.2. In-Situ AFM/TEM Imaging. The change of the
agglomerate structure during approach and retraction of an
AFM tip is investigated in real time and recorded in situ using
the combined AFM-TEM setup described in the Methods
section. Here, a tungsten wire is coated with TiO2 nanoparticle
aggregates for the force measurements (Figure 5(I)A+B).
Unfortunately, the force sensitivity of the instruments used is
limited to about 10−20 nN, thus preventing a simultaneous
measurement of the resulting adhesion forces as in the previous
section. However, we are able to image with a high spatial
resolution each primary particle of the agglomerate bridging the
AFM tip with an underlying nanoparticle ﬁlm after the
approach and follow the evolution of the agglomerate structure
during the tip withdrawal.
Figure 5(II)A−F shows a time series of movie frames
recorded while stretching a TiO2 agglomerate (consisting of
multiple nanoparticle aggregates) over a distance of 150 nm.
The AFM tip is in the upper corner of each picture; the
nanoparticle ﬁlm is in the lower right corner. During pulling the
agglomerate over 150 nm, the increasingly applied force
stretches the agglomerate while single aggregates rearrange by
means of sliding or rolling mechanisms which lead to the
unfolding of kinks (Figure 5(II)B,C). The process is
reminiscent of the unfolding of tertiary structure elements of
proteins in similar AFM force spectroscopy experiments.31
Eventually, this leads to a stretched agglomerate where single
nanoparticle aggregates are aligned next to each other in a
roughly linear chain (Figure 5(II)D) before its sudden rupture,
clearly associated with the detachment of a primary particle-to-
particle contact.
Approaching the detached agglomerates again leads to their
reconnection (Figure 5(II)F), indicative of reversible rupture
events dominated by weak (nonchemical) forces. Notably, the
reconnection does not occur at the same point where the
agglomerate had detached, and stretching the agglomerate
again shows a diﬀerent detachment point. By repeating the
experiment many times, we observe that the detachment point
tends to move farther and farther away from the tip, which
agrees with the process of progressive transfer of larger and
larger aggregates observed in SEM tip inspection images (see
Figure 2(I)A−C).
3.3. Analysis of the Statistical Distribution of
Adhesion Forces. The in-situ AFM/TEM investigations
show that the stretching of agglomerates bridging the AFM
tip with the underlying nanoparticle ﬁlm leads to (i) an initial
rearrangement of the agglomerate structure (unfolding) until
formation of a roughly linear chain of aggregates and eventually
(ii) the rupture of such chain after breaking of single particle−
particle contacts. It should be considered that measurements in
vacuum could change the contact behavior of the aggregates
compared to atmosphere conditions. Especially the amount of
adsorbed water molecules is expected to be reduced, although
not completely, since desorption of chemisorbed water
molecules only takes place at temperatures of the order of
400 K.32 Therefore, we do not expect a dramatically diﬀerent
mechanism of adhesion to take place in vacuum or in air.
Furthermore, the very stiﬀ cantilever used in the in-situ TEM
measurements changes the loading rate compared to the
measurements performed by AFM force spectroscopy, which
Figure 4. Force-peak histogram analysis of 1024 force−displacement
curves collected on the TiO2 ﬁlm. In the inset the median and
geometric standard deviation for consecutive sets of 256 measure-
ments are shown. The increase of the median for the last point is most
probably related to the increased number of aggregates on the tip (see
Figure 2(I)).
Figure 5. AFM-TEM experiments: (I)A, tungsten wire; (I)B, TiO2 nanoparticle agglomerates deposited in situ with FSP on a 0.3 mm tungsten wire;
(II)A−F selected frames (in time series) from a movie recorded during one AFM approach and retraction (time span: 5 s).
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could aﬀect the unfolding pathway of the agglomerates.
Qualitatively, however, the observed unfolding and rupture
processes in the TEM (Figure 5) agree well with the unfolding
process suggested by the sawtooth curves measured with the
AFM (Figure 3). Therefore, it is very likely that the vacuum
does not remove all water molecules, and the qualitative
contact behavior is not altered signiﬁcantly.
In particular, the ﬁnal rupture event is the one that causes the
force−displacement curve to jump back to the baseline of zero
force in each approach/reproach cycle with a sudden step
(labeled as F1 in Figure 3). The distribution of forces
representative for only this last step is shown in Figure 6.
The histogram presents a log-normal distribution with a
maximum at 2.5 nN. Forces lower than 1.2−1.6 nN are absent
from the histogram, indicating a minimum threshold in the
contact force between two nanoparticles. Moreover, the
maximum of the distribution coincides with the maximum of
the global distribution in Figure 4. We therefore conclude that
the characteristic value of contact force between two of the
TiO2 nanoparticles in our sample at atmospheric conditions is
about 2.5 nN. The small number of higher forces (small
subpeak at 7.5 nN in the distribution of Figure 4) is probably
due to the detachment of aggregates bridged by multiple
contacts. These multiple contacts are probably also the cause of
the increased gsd in Figure 4. Here the increasing number of
cumulated aggregates on the tip increases the likelihood of such
multiple contacts.
Indirectly, the diﬀerence between the two distributions in
Figures 4 and 6, together with the in-situ TEM imaging of the
stretching event, suggests that the forces smaller than 1.2 nN
present in the global distribution may be associated with sliding
or rolling of the aggregates leading to unfolding of the strained
agglomerates. We expect each rearrangement of the agglom-
erate structure prior to its ﬁnal rupture, be it due to unfolding
or to temporary detachment of two primary particles, to be
associated with a jump in the measured force−distance curves.
The distribution of these jumps, namely of the diﬀerences
between each maximum and the following minimum in the
force−displacement curve, is reported in Figure 7. This
distribution once again presents a maximum centered at the
force value required to detach two primary particles (∼2.5 nN).
However, it also presents a secondary maximum at lower forces
(∼0.6 nN), which is representative of other rearrangement
process such as for instance sliding and rolling of the
nanoparticle aggregate on each other.
3.4. Molecular Dynamics Modeling. The experimental
investigations indicate that a clear characteristic force of about
2.5 nN characterizes the contact between our TiO2 nano-
particles at atmospheric conditions, that is, at room temper-
ature and at a relative humidity within 40−50%. Under these
conditions, a thin layer of water molecules (both chemisorbed
and physisorbed) is expected to be present on the particle
surface. Indeed, the contact forces between oxide particles are
often interpreted in terms of capillary eﬀects, which often
dominate over other interactions, for instance of the van der
Waals type.5
In this section we aim at rationalizing our results and search
for the dominating interactions responsible for the particle−
particle contacts in the case of our TiO2 aggregates. These
present primary particle sizes in the order of 10 nm or smaller,
at which the continuum theories at the basis of classical
capillary eﬀects may become questionable. We therefore
perform all-atom molecular dynamics (MD) simulations of
the detachment of two crystalline TiO2 particles (in the rutile
or anatase phase) of spherical shape, terminated with
chemisorbed OH and H2O groups and surrounded by a
number of physisorbed H2O molecules.
The amount of adsorbed water under our experimental
conditions is determined by means of TGA measurements
where the TiO2 nanoparticle aggregates are heated up to 700
°C, and the mass decrease due to removed water is measured.
We obtain an average of about 11 water molecules per nm2 on
the surface of the nanoparticles. Accordingly, we construct a
particle model including 11 water molecules per nm2. The
diameter of the particle is chosen to be 4 nm, which is smaller
than the characteristic particle size investigated experimentally
but keeps the computational eﬀorts within reasonable limits
and allows us to compute the force−displacement curves with
good statistical accuracy (see Methods for computational
details).
Representative force−displacement curves are shown in
Figure 8. Importantly, no qualitative diﬀerences in the overall
force−displacement behavior are found for the two polymorphs
investigated (anatase and rutile).
Figure 6. Force histogram of the last peak of TiO2 force−displacement
curves (F1), most likely related to the primary particle−particle contact
(see AFM-TEM studies). The detaching force is at least 1.2 nN and
most frequently 2.5 nN. The few number of higher forces is probably
due to detaching of aggregates at multiple contact points.
Figure 7. Histogram distribution of the diﬀerences between maxima
and minima in the sawtooth-shaped force−displacement curves (see
inset).
Langmuir Article
dx.doi.org/10.1021/la302242s | Langmuir 2012, 28, 11457−1146411461
When the two particles start approaching, at a center-to-
center distance of about 5.5 nm a ﬁrst water neck builds up
between them, leading to an attraction force that increases
roughly linearly up to a value of ∼1 nN at a separation of about
4.8 nm, as expected from a classical capillary eﬀect. (The small
diﬀerence in the onset of attraction for the two curves is due to
diﬀerent random ﬂuctuations of the physisorbed molecules
prior to formation of a capillary neck in the two individual
simulations and is not to be considered as a material-dependent
feature.) At shorter distances, however, the force proﬁle
features pronounced oscillations, which can be associated
with interactions between the structured water layers above the
particle surfaces (see below). Maximum adhesion forces of
about 2 and 3 nN at center-of-mass distances of 4.4 and 4.35 Å
are computed for rutile and anatase, respectively. These values
agree well with the AFM force spectroscopy measurements. An
analysis of the individual contributions to the total force shows
that the bare oxide−oxide interactions become relevant only at
separation smaller than the computed equilibrium distance,
whereas the major contribution to the maximum cohesion force
is due to the water−water interactions between the adsorbed
molecules.
In order to clarify the eﬀect of the water structure between
the particles on the measured force, we plot the densities of O
and H atoms belonging to both chemisorbed and physisorbed
water molecules along the direction connecting the centers of
mass of the two particles, for selected separation distances
(Figure 9). At the equilibrium distance of 4.3 nm, the O density
shows two outer maxima corresponding to chemisorbed water
molecules (at 1.9 and 2.4 nm) and two inner maxima (at 2.1
and 2.2 Å) corresponding to the physisorbed water present
between the particles. The H density distribution also present
four correspondent peaks. The inner ones are in correspond-
ence with the inner O peaks, indicating, on average, a ﬂat
arrangement of physisorbed water. The outer H peaks, instead,
are at distances further oﬀ the particle centers than the
corresponding O peaks, consistently with the preferentially
upright binding mode of chemisorbed H2O.
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After pulling the particles apart, a ﬁrst force is experienced
because of the stretching of the water layer structure oﬀ the
equilibrium (see Figure 9, top right panel at the separation of
4.36 nm). This eﬀect is responsible for the maximum adhesion
force visible in the force−displacement curves. At a larger
separation of 4.44 nm, the two layers are entirely separated, and
the water molecules reorient to an upright conﬁguration, as
visible by the appearance of a new, small central H peak at 2.2
nm. This conﬁguration corresponds to a strong decrease of the
adhesion force up to almost the baseline. At larger and larger
separation, new water molecules are able to diﬀuse in the region
between the particles forming the capillary neck, with a
correspondent increase of the O density in the central region
and leveling of the adhesion force to the initial value of about 1
nN.
4. CONCLUSIONS
In summary, our investigations show that the contact forces
between individual particle aggregates in agglomerate ﬁlms are
dominated by the layers of adsorbed water present on the
particles’ surfaces at ambient conditions. Diﬀerently from the
case of classical capillary theories, the force−displacement
curves obtained in accurate, all-atom molecular dynamics
modeling present marked oscillations arising from the structural
arrangement of water molecules in surface proximity. Indeed,
the maximum adhesion force is 2−3 times larger than the one
resulting from the formation of a capillary water neck between
the particles (see Figure 8). Future studies shall be devoted to
investigate the precise dependency of the adhesion forces on
the ambient humidity (that is, on the amount of physisorbed
water molecules) and on the particle size. These investigations
could help to understand the dispersion of TiO2 aggregates in
various environments, including liquids, and the eﬀect of
capping agents controlling the interactions. Results in many
topics like e.g. nanobio interactions depend strongly on the
dispersion of the nanoparticles. Since the dispersion behavior
changes from study to study, it is diﬃcult to create reliable and
reproducible data.33−36 Therefore, a deeper understanding of
the fundamental nanoparticle interactions could help to create
standardized tests for nanoparticle aggregates in many
important contexts, including in particular nanotoxicology
assessments.
Importantly, we have demonstrated that precise experimental
information about the characteristic adhesion forces between
individual particles can also be obtained experimentally, by
Figure 8. Computed force−distance curves for anatase (blue) and
rutile (red) TiO2 nanoparticles bearing a water coverage of 11
molecules/nm2, as obtained from constrained MD simulations, along
with two representative snapshots corresponding to contact at
equilibrium (1) and attraction due to a capillary water neck (2).
The small arrows mark four selected distance points for the analysis of
the water structure between the particles (shown in Figure 9). The
forces between anatase particles are shifted by +3 nN for clarity.
Figure 9. Analysis of the density of water molecules in the region of
the particle−particle contact, along the z direction connecting the
particle centers, at diﬀerent separation distances (small arrows in
Figure 8). The blue and red curves refer to the density of the H and O
atoms, rescaled to the density of bulk liquid water. The analysis refers
to rutile particles, which show better-resolved peaks in the mutual
particle orientation chosen here.
Langmuir Article
dx.doi.org/10.1021/la302242s | Langmuir 2012, 28, 11457−1146411462
means of AFM force spectroscopy performed on freshly
deposited particle ﬁlms directly after ﬂame spray pyrolysis
synthesis. The strategy employed here, namely of repeated
approaching/retracting loops of an AFM tip into the ﬁlm, is
capable of sensing primary particle/particle contact forces
without speciﬁc functionalization of the tips with individual
particles, which would be exceedingly diﬃcult for particle sizes
of few nanometers.
The statistical analysis of the peak force distributions,
combined with the TEM visualization of the ﬁlm stretching
behavior, clearly highlight a characteristic decohesion event
associated with a force of 2.5 nN, which is in the range of the
forces obtained by MD modeling. We should note that an exact
quantitative agreement would require a more complex analysis
of the mechanical response of the entire ﬁlm. In particular, it is
not clear at the present stage how to correlate the size
distribution of the nanoparticles in the ﬁlm with the “weakest
link” of the stretched chains (see Figure 5(II)), which gives rise
to the measured rupture forces (“F1” distribution in Figure 6).
The TEM imaging reveals that it is the contact between the
smallest particles in each stretched chain that breaks ﬁrst.
Therefore, our experiments most likely give information about
the contact forces between particles smaller than the average
particle size in the ﬁlm (in our case, 10 nm). This would explain
why the force values computed in our MD simulations, which
are performed with particles of only 4 nm size, are very similar
to the values obtained experimentally (about 2.5 nN in both
cases). We also note that a more thorough MD study of the
variation of the computed forces due to diﬀerent mutual
orientations of the two particle crystals shall be performed in
further works. In particular, it is the mutual orientation,
together with the particle radius, that deﬁne the precise
structure of the water layers shared by the two particles in the
contact point and thus the absolute values both of the
maximum adhesion force and of the capillary contribution.
Finally, small variations of the interaction potential parameters,
especially of the atomic point charges, may also inﬂuence the
agreement between simulations and experiments.
In addition to the ﬁnal rupture forces, the AFM force peak
distributions during the stretching of aggregate chains also
contain contributions due to particle rearrangement events such
as sliding or rolling. Some of these events are characterized by
forces of the order of 0.5 nN (that is, signiﬁcantly smaller than
the stretching/decohesion forces, as visible in the bimodal
distribution in Figure 7). However, rolling, sliding, stretching,
and other concerted rearrangements of the ﬁlms are hard to
distinguish with suﬃcient clarity without a more thorough and
quantitative analysis of the AFM/TEM stretching experiments
and corresponding MD simulations including shear forces
between nanoparticles in contact.
As a note of caution, we would like to stress here that the
diﬀerent conditions between the AFM force measurements (in
humid air) and the in-situ AFM/TEM imaging (in vacuo)
could in principle lead to very diﬀerent adhesion mechanisms
between the particles. We think that this is unlikely, since
complete removal of the adsorbed water in vacuo would require
heating up to about 400 K.32 However, this issue shall be
investigated carefully in future studies aiming to quantify the
adhesion forces under vacuum conditions.
In summary, our work deﬁnes an approach based on
combined AFM force spectroscopy and MD simulations to
investigate the water-mediated contact forces between individ-
ual nanoparticles in the size range of few nanometers. This
approach shall be used in future investigations to elucidate (i)
the scaling laws underlying the dependencies of the contact
forces on humidity and particle-size beyond classical capillary
theories, (ii) the physical nature and absolute values of the
forces associated with rolling, sliding and stretching events
between single particles, and (iii) the overall mechanical
response of agglomerate ﬁlms of nanoparticles subjected to
external loads, which are of high importance for unit operations
in nanoparticle processes and applications. These investigations
are also expected to foster a deeper understanding of the
nanoparticles behavior and fate in complex environments such
as for instance physiological conditions.
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